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ABSTRACT

The direction of the Poynting flux, up or down the
geomagnetic field, has been determined for several types of
VLF radio noise phenomena observed with the Injun 5 satellite,
thereby providing information about the source region of these
waves and their propagation in the ionosphere. Determina-
tions of the Poynting flux direction of proton whistlers
show that they are propagating up the geomagnetic field
lines in accordance with the accepted theory of proton
whistler propagation, thus providing a good check on the
experimental technique. Initial measurements are presented
on the Poynting flux direction of ELF hiss, periodic emis-
sions, VLF hiss, and chorus. Of particular interest is a
new type of VLF emission called a saucer which is found to
be propagating upward from a& source below the satellite.

A qualitative explanation of the frequency-time shape of

this new type of emission is presented.



I. INTRODUCTION

Although there exists a considerable body of data on
magnetospheric VLF radio noises [see, for example, Helliwell,
1965], no direct measurements have been made to determine
the source region of these noises. Since the emission mechan-
isms are usually very dependent on the plasma parameters in
the source region, it is of fundamental importance to establish
the source region of these noises, particularly whether the
noises are generated at low altitudes near the base of the
ionosphere or at much higher altitudes in the magnetosphere.
This paper presents initial results on measurements of the
Poynting flux direction, up or down the geomagnetic field,
ofAVLF electromagnetic waves in the frequency range from 30
Hz to 10 kHz using the NASA/University of Towa Injun 5 satel-
lite.

The Injun 5 satellite was launched on 8 August 1968
into an elliptical polar orbit with an inclination of 80.66°,
an apogee altitude of 2528 km, and a perigee altitude of
67T km. The satellite carried a VLF experiment, whichhis
described in more detail by Gurnett et al. [1969], consisting
of one electric dipole antenna, one magnetic loop antenna,
two wide-band (30 Hz to 10 kHz) receivers, a narrow-band

step-frequency receiver, and an impedance measurement for



determining the electric antenna impedance. The spacecraft
is magnetically oriented by a bar magnet in the spacecraft
such that the x-axis of the spacecraft is parallel to the
geomaénetic field (see Figure 1), with the positive x-axis
downward in the northern hemisphere. Typical maximum align-
ment errors between the x-axis and the geomagnetic field
after about mid-December, 1968, when magnetic alignment was
achieved, are about 10 to 15 degrees. When magnetically
oriented the electric antenna axis (y-axis) and the magnetic
antenna axis (z-axis) are perpendicular to the geomagnetic
field, as well as to each other (see Figure 1). As discussed
in the next section, this antenna geometry has the feature
that the direction of the Poynting flux, up or down the
geomagnetic field, can be determined from the time-averaged

product <Esz> of the electric and magnetic antenna signals.



II. METHOD AND LIMITATIONS OF THE
POYNTING FLUX MEASUREMENT

For a single plane wave propagating in a cold plasma
at a frequency less than the electron plasma frequency, it can
be shown [Gurnett et al, 1969] that the sign of the time-
averaged product <Esz>, vhere Ey and Bz are orthogonal
electric and magnetic field components in a plane perpendi-
cular to the static magnetic field, is the same as the sign
of the time-averaged component of the Poynting flux <Sx>
along the static magnetiec field. For the Injun 5 orbit, the
frequencies of interest (30 Hz to 10 kHz) are normally much
less than the electron plasma frequency. Thus, for a single
wave, the measurement of <Esz> with Injun 5 is sufficient
to determine whether the Poynting flux of the wave is
directed up or down the geomagnetic field.

If a superposition of many waves is observed, then
this interpretation must be qualified. Since the propor-
tionality between <Esz> and <Sx> for a2 single wave depends
upon the wave normal direction [see Gurnett et al, 1969],
and since the wave normal directions of the various waves
are in general different, the time average <Esz> for a
superposition of many waves is not necessarily proportional
to the average Poynting flux <Sx> of all the waves. Under

these conditions the interpretation which can be made is as



follows: if the sign of <Esz> is observed to be positive,
then at least some of the waves must have a Poynting flux in
the positive x direction. However, there may also be waves
with Poynting fluxes in the negative x°direction and the
relative intensity of these waves cannot be determined
without further information on the wave normal angles
involved. Similar statements hold when the sign of <Esz>
is negative. A measurement of <Esz> with Injun 5 there-
fore allows one to make a positive statement that some
waves are propagating in a certain direction, up or down the
geomagnetic field; but it does not deny the possibility that
there may also be waves propagating in the opposite direction.
Possible errors in the Poynting flux determinations
can arise whenever the electric (y) and magnetic (z) antenna
axes are not aligned exactly perpendicular to the geomagnetic
field. However, for small deviations from exact alignment,
fypically less than *15 degrees for all the data presented
in this paper, these errors can only be significant for
waves propagating very nearly perpendicular to the geomagnetic
field. Furthermore, the errors introduced by misalignment
change sign as the satellite oscillates about its equilibrium
orientation so that these errors can be recognized by look-
ing for a systematic dependence of the correlation measure-
ments on the satellite orientation relative to the geomag-

netic field.



The actual correlation measurements are made on the
ground using the wide~band analog electric and magnetic field
signals transmitted from the satellite. These wide-band
signals are filtered by an Ad-Yu Electronics Model 1034 Dual
Channel Synchronous Filter to select the frequency at which
the correlation of the two signals is to be determined (see
Figure 2). The pass bands of the two narrow-band filter
channels are identical, the center frequency of the two
filter channels being determined by a single tuning
oscillator and the bandwidth by plug-~in units. A bandwidth
of 50 Hz has been used for all measurements presented in
this paper. The two narrow-band outputs from the synchronous
filter then go to a four-quadrant analog multiplier which
produces an output proportional to the algebraic product,

E B

yBz? of the narrow-band Ey and Bz input signals. The

analog multiplier output is then averaged by a simple R~C
integrator with an R-C time constant of 50 milliseconds to
give a good approximation to the time-averaged product
<Esz>.

In the process of transmitting and demodulating the
wide-band electric and magnetic field signals, various
frequency-dependent phase shifts occur which must be
corrected with a phase shift network prior to making a
correlation measurement. Based on the reproducability of

various prelaunch calibrations, the overall uncertainty in



the phase shift corrections required is believed to be less
than +5 degrees. To establish that errors of this magnitude
do not affect the sign of the correlation measurement, we
have required for all data presented that a phase shift of
+10 degrees applied to one channel not change the sign of
the correlation measurement.

The determination of the Poynting flux direction of
proton whistlers provides a good check on the Poynting flux
sensing technigque, since proton whistlers (at higher lati-
tudes) are known to be propagating upward from the base of
the ionosphere [see Gurnett et al., 1965]. Figure 3 illus-
trates the determination of the Poynting flux direction for
& series of proton whistlers. The Poynting flux is observed
to be directed upward as expected. It should be noted here
that <Esz> differs from a correlation coefficient in that
it is not normalized; hence the correlation levels for the
various proton whistlers in Figure 3 depend on the intensity

of the proton whistler signals.



III. INITIAL OBSERVATIONS

A. Reflection Phenomena

The determination of the Poynting flux by the methods
described above is'&n especially good tool for the study
of reflection phenomena. Figure L illustrates some discrete
VLF emissions occurring in pairs, the two components of each
pair being separated by a few tenths of a second. The corre-
lation measurement clearly shows that the first emission in
each pair is downgoing and the second emission is upgoing,
indicating that the emissions have been reflected below the
satellite altitude of approximately 1350 km. The delay
times between the two components of each pair are consistent
with a reflection at the base of the ionosphere below the

satellite.

B. ELF Hiss

Illustrated in Figure 5 is an example of ELF hiss
observed at an altitude of approximately 1200 km. From the
correlation measurement at 600 Hz, the ELF hiss is clearly
downgoing. Twelve examples of ELF hiss have been investi-
gated to date at altitudes up to 1500 km and all have been
found to be downgoing. This result is in agreement with
previous evidence on the direction of propagation of ELF hiss

[Gurnett and Burns, 1968]. WNo systematic dependence of the
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correlation measurement on the satellite orientation was
osserved for any of the ELF hiss cases studied. It is thus
concluded that errors in the magnetic alignment of the
satellite did not affect the Poynting flux determination
for ELF hiss.

Figure 5 also illustrates an ELF hiss correlation
measurement at the sharp lower cutoff freguency (510 Hz) of
the ELF hiss band. 1In this measurement, both downgoing and
upgoing waves are observed with the upgoing component being
less intense, indicating that reflections of the ELF hiss
are occurring below the satellite. These observations are
consistent with the explanation of the low-frequency cutoff
of ELF hiss given by Gurnett and Burns [1968] in terms of
reflections near the two-ion cutoff frequen¢y. The correla-
tion measurement at 600 Hz in Figure 5, showing only downgoing
waves, suggests that the ELF hiss is not being reflected
below the satellite altitude at this frequency. This can
occur if the wave frequency is above the maximum two-ion
cutoff frequency in the ionosphere at all altitudes below
the satellite. The two-ion cutoff is seldom observed above
600-650 Hz [Gurnett and Burns, 1968] so that the ELF hiss at
600 Hz in Figure 5 is very likely above the maximum twc -ion
cutoff and is, therefore, able to propagate to the base of
the‘ionosphere, wvhere strong absorption can occur to

attenuate the reflected wave.
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C. Periodic Emissions

Figure 6 illustrates an exaﬁple of periodic emissions
in which all of the observed emissions are downgoing. These
emissions were observed for a period of approximately three
minutes over an altitude range of approximatelyIlSO km and
a range of magnetic shell parameters from L = 4L.2 to L = 3.6,
Since the echo period of the periodic emission is very nearly
constant over this large range of L values, it is concluded
that the observed emissions must have "leaked" from the L
shell on which the echoing is taking place and propagated
directly to the satellite. The observation in Figure 6
strongly supports this conclusion since no upgoing waves

associated with the echoing process are observed.

D. VLF Hiss
Figure 7 shows a correlation measurement for auroral-
zone VLF hiss. In this example, and in 15 additional examples
wvhich have been studied up to this time, VLF hiss is observed
to be propagating down the geomagnetic field lines (in the
northern hemisphere).. However, in all but 2 of the 16 cases
observed, there are also some brief impulsive bursts propagat-
ing up the geomagnetic field lines from below the satellite.
The upgoing signals are much less intense than the downgoing
signals and the impulsive bursts which characterize many of
the,VLF_hiss‘events are much less frequent for the upgoing

waves than for the downgoing waves.
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These observations suggest that VLF hiss is generated
above the altitude range of the Injun 5 satellite. The
occasional upgoing VLF hiss bursts which are observed are
believed to be reflections of downgoing vaves below the
satellite near the altitude at which the wave frequency
equals the lower-hybrid~resonance (LHR) frequency. The
reflection mechanism at the LHR frequency has been discusgsed
by Thorne and Kennel [1967] and Storey and Cerisier [1968],
who show that downgoing waves with wave normal angles near
1/2 will be reflected when the wave frequency becomes less
than the LHR frequency.

Ho orientation dependence has been observed in any of
the cases of VLF hiss studied up to this time. It is con-
cluded, therefore, that the misorientation of the satellite
is also not affecting the Poyntihg flux determinations-of

VLF hiss.

E. Chorus
Very few examples of chorus have been analyzed up to
this time so that definite conclusions regarding the source
region of chorus cannot be presented. Figure 8 illustrates
one measurement which has been made and which shows the
chorus to be downgoing at the satellite altitude of
approximately 2500 km. Additional cases of chorus must be

studied before any definite comclusions can be made.
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F. Saucer-Shaped Emissions

Illustrated in Figure 9 is a new type of emission
vhich is called a "saucer," following the established
terminology of several investigators [personal communication,
N. Brice, R. L. Smith, R. E. Barrington]. In contrast to
all other types of emissions investigated to date, the Poynt-~
ing flux of the saucer-shaped emission is directed up the
geomagnetic field line, indicating that the source of the
emission is below the satellite. The satellite altitude
for the event shown in Figure 9 is 2530 km and the invaeriant
latitude is 69.8°,

Ssucer~shaped emissions of the type shown in Figure
9 were first observed with the Alouette 1 and 2 satellites
[R. E. Barrington, personal communication] and are commonly
observed at high latitudes near the auroral zone with the
Injun 5 satellite. These emissions typically have a duration
from several seconds to several tens of seconds and occur
in the frequency range from about 2 kHz to above 10 kHz.

The outer "envelope" of the emission is often sharply dGe-
fined, as for the case shown in Figure 9, and the electric
field intensity is usually greater than the magnetic field
intensity, on a free space basis. In addition, spectrograms
of these emissions sometimes have attenuation bands at
harmonics of the proton gyrofrequency [see Figure 1k of

Gurnett et al., 1969].



1k

V-shaped VLF hiss events, similar in some respects
to the saucer-shaped emissions reported here but usually of
much longer duration (~100 seconds) have been previously
studied and reported by Gurnett [1966]. Because of their
much longer duration, the V-shaped VLF hiss emissions are
believed to be distinctly different from, although possibly
related to, the saucer-shaped emissions of the type shown in
Figure 9. The Injun 3 data [Gurnett, 1966] showed that the
V-shaped VLF hiss events were often associated with intense
fluxes of soft (10 keV) electrons, with the VLF emission
usuallyvbeing symmetric in latitude about the region of
most intense electron flux.

The symmetry of the saucer envelope suggests that

the source of fhis emission may also lie along the symmetry

axis of the emission, much as for the V-shapea VLF hiss
events. Unfortunately, because of the limited data
available at the time of this preliminary report, the rela-
tionship between the saucer-shaped emissions and charged
particle fluxes simultaneously observed with Injun 5 has

not yet been investigated.
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IV. A QUALITATIVE EXPLANATION
OF THE SAUCER ENVELOPE

When the anisotropic propagation of whistler-mode
o
waves upward from & source below the satellite is considered,
a ready explanation¥#arises for the characteristic frequency-
time spectra of the saucer-shaped emissions. For a qua;i-
tative model we visualize the source as being along an east-
west line (an auroral are, for exaﬁple) far below the satel-
lite. The sharply defined frequency~time envelope of the saucer
can then be explained by a freguency-dependent limiting ray
angle for propagation from the source to the satellite. The
noise intensity variations observed at a given frequency
are completely due to the horizontal (north-south) motion qf
the satellite through the "beam" of allowed ray paths from
the s;urce to the satellite, and the freqqency dependence of
the beamwidth accounts for the observed frequency-time en-
velope of the emission.

For the whistler mode of propagation there are two
limiting ray angles which could possibly explain the observed
beamwidth. As shown by Smith [1960], Helliwell [1965] and
others, the angle ¢y between the ray direction and the static
magnetic field depends on the wave normal angle 6, also
measured relative to the static magnetic field, as shown

in Figure 10(a). The first limiting ray angle, Yoax® OCCUTS
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at a wave normal angle intermediate between 6 = 0 and 0 = eres
This first limiting ray angle was originally discussed by
Storey [1953] in connection with the guiding of whistlers in
the geomagnetic field. 1In the low frequency limit wmax is
approximately 19°29' [Storey, 1953]. The second limiting

ray angle, ¢ occurs as the refractive index goes to

res’
infinity st a wave normal angle equal to the resonance’

cone angle, © Since the ray direction is perpendicular

res’
to the refractive index surface [Stix, 1962], the simple
geometric construction in Figure 10(b) shows that Voes =

/2 - eres'
Several factors strongly suggest that it is this
second limiting ray angle, wres’ for wave normal angles
near the resonance cone angle, which accounts for the
characteristic shape of the saucer envelope: (1) Since the
temporal (spatial) width of the envelope increases with
increasing frequency, the limiting ray angle must increase
with increasing frequency. Only wres has the required
frequency dependence since wmax decreases with increasing
frequency [see Smith, 1960]. (2) The large observed ratio
of electric to magnetic’field strengths for the saucer-
shaped emissions éuggests that the wave normal angle is
very cloée to the resonance cone angle. (3) The proton
cyclotron harmonic interactions observed and the doppler

shifting of the cyclotron harmonic frequencies sometimes

observed [Gurnett et al., 1969] suggest that the wavelengths
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involved may be as short as 100 meters, corresponding to a
very large refractive index (~300). These very short wave-
lengths are possible only for wave normal angles near the
resonance cone angle,

Wave normal angles very near the resonance cone
angle could occur because of several possible reasons. The
emission mechanism may favor the production of waves with
wave normal angles near the resonance cone angle. Also, even
for wave normal angles not initially near the resonance cone
angle the rapid decrease in the electron density and refrac-~
tive index with increasing altitude by Snell's law causes
the wave normal angle to approach the resonance cone angle
as the wave propagates upward through the ionosphere.

The qualitative explanation of the frequency-time
shape of the saucer-shaped emission is illustrated in Figures
10(c) and 10(d) which show the limiting ray paths from the
source to the satellite at several frequencies and the
resulting frequency-time spectrogram observed by the satellite
passing over the source, For this qualitative illustration,
we have assumed that the plasma parameters are independent
of altitude so that the ray paths are straight lines. A more
guantitative model would of course require a detailed ray
path integration.

The simple ray path model illustrated in Figure 10

gualitatively explains the principal features of the saucer
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emission envelope: (1) All waves with wave normal angles
near the resonance cone angle result in ray paths which are
inside the limiting ray path and, hence, inside the outer
envelope of the emission. The large field intensity near

the envelope is the result of the very small spread in ray
directions for wave normal directions near the resonance

cone angle. (2) The frequency-time shape of the outer en-
velope can be understood in terms of the frequency dependence
of the limiting ray angle, ¥ . Using the notation defined

res
by Stix [1962], the limiting ray angle is given by

e = =8
Tan“V_ . = 3 . (1)

If x is the horizontal distance (also proportional to the time
coordinate on the spectrogram) from the symmetry axis of the
emission and h is the altitude of the satellite above the
source, then
2
x 2 _ =8 (2)

[h] =Tan Vb .5 = 75 *

The minimum frequency of the emission envelope (x = 0).
can nov be identified as the lower-hybrid-resonance (LHR)
frequency, where S = 0 [see Stix, 1962]. The shape of the
emission envelope near the LHR frequency can be approximated

by expanding S in a Taylor series about f = fLHR and neglect-

ing higher order terms
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g = 25 (r

7 (£-Tpug) ,

which upon substituting into equation 2 becomes

) (3)

,
x|° _ -38/3f
[ } - 7 (f=Tppg

Equation 3 above shows that in the neighborhood of the LHR
frequency, where 3S/3f and P can be regarded as constant,
the emission envelope is a parabola.

At higher frequencies the shape of the emission en-
velope depends on the detailed plasms parameters. If the
electron plasma frequency, fp, is less than the electron
gyrofrequency, fg, then the envelope asymptoticslly approaches
the electron plasms frequency as shown in Figure 10, since P
goes to zero at f=fp. If fp is greater than fg’ then the
envelope asymptotically approsches the electron gyrofrequency,
since S becomes infinite at f=fg. Thus, the upper frequency
limit is either fp or fg, whichever is smaller. Since the
upper frequency limit of the Injun 5 wideband receiver is
well below either the electron gyrofrequency or plasma fre-
quency, the flaring of the emission envelope at high fre~
quencies, as shown in Figure 10(d), has not yet been

experimentally verified.
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To provide a rough quantitative verification of this
explanatioﬁ of the emission envelope shape, equation 2 was
fit to the envelope of the saucer shown in Figure 9, even
though this equation was derived under the rather unrealistic
assumption of a completely homogeneous ionosphere with
straight-line rey paths. The electron gyrofrequency at the
satellite during this event was determinéd to be fg = 602 kHz
from the Jensen and Cain [1962] expansion for the geomagnetic
fieid, and the electron plasma frequency was determined to
be fp = 200 kHz from the AFCRL electron density probe on
Injun 5 [personal communication, R. Sagalyn]. For these

2 2

rather low density conditions, with fp << fg y S in equation

2 can to a very good approximation be written.

Since P = 1 - fpe/f2 [stix, 1962], Equation 2 becomes

2 2
2 _f - Tryg "
f - f
D
Using fp = 200 kHz and f .. = 1.7 kHz (estimated from the

minimum frequency of the emission envelope), equation &
above was found to provide an excellent fit to the envelope

of the saucer shown in Figure 9 if the source were located at
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h = 1100 km below the satellite or at an altitude of about
1400 km. Since this source location assumed straight-line
ray paths, it should be emphasized that this calculation
gives a "virtual source location" which may differ somewhat
from the actual source location when vertical gradients in
the ionosphere are considered. Nevertheless, the excellent
agreement between the observed shape of the emission envelope
and equation 4 and the physically reasonable virtual source
altitude predicted shows that this proposed explanation of
the saucer envelope is quantitatively reasonable,

When vertical gradients in the ionosphere are con-
sidered, the detailed shape of the emission envelope must, in
general, beldetermined by numerical integration. If the
eleétron plasma frequency and the lower-hybrid-resonance
frequency decrease monotonically with increasing altitude
as shown in Figure 11(a), then the limiting ray paths and
the corresponding emission envelope will have the form
illustrated in Figures 1l(b) and 11(c). The altitude depen=-
dence of the plasma frequency causes the ray paths to
diverge as illustrated in Figure 11(b) because Voes increases
with increasing altitude. This divergence has the effect
of lowering the source altitude below the source altitude
computed using equation b,

The low-frequency cutoff at f .. (source) occurs
because there is no limiting ray path (Tanzwres is negative)

for altitudes where the wave frequency is less than the LHR
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frequency. The gap in the emission envelope at fLHR (source)
occurs because the two limiting ray paths at this frequency
diverge as they propagate upward into the ioncsphere. For
frequencies below the LHR frequency, the ray paths are a sen-
sitive function of the initial wave normal angle and no general
statements can be made concerning limiting ray paths at these
frequencies.

Effects due to this "gap" in the emission envelope
are often clearly evident in the saucer-shaped emissions
observed with Injun 5., Near the minimum frequency of the
emission the envelope often becomes very indistinct and
poorly defined, as can be seen for the saucer shown in Figure
9. In some cases the emission almost completely disappears
in the gap region as could be expected from the ray path
model illustrated in Figure 11.

This propagation model accounts for most of the
general characteristics of the saucer-shaped emissions, and
is believed to be essentially correct. However, many detailed
guestions :emain to be investigated, including (1) the actual
source altitude, (2) the source geometry (point, line, sheet
or extended source), (3) the emission mechanism and related
particle fluxes, and (4) the detailed origin of the proton

cyclotron harmonics sometimes observed.
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Iv. SUMMARY

The results presented above are preliminary in that
only a small portion of the Injun 5 data has been studied.
However, several conclusive results have been obtained from
these data. ELF hiss has been observed to be downgoing at
altitudes below 1500 km and VLF hiss has been observed as
generally downgoing with some upgoing waves at altitudes
up to 2500 km, indicating that the sources of these emissions
exist above these altitudes.

At the time of this report, the only observed phenomenon
wvhich appears to be generated below the satellite altitude
is the saucer~-shaped emission. The characteristic fre-
quency-time shape of this emission has been explained as a
propagation effect for whistler-mode waves propagating upward
from the source to the satellite.

It should be commented that the results presented in
this paper represent only an initial study of a small amount
of data so that broad generalizations of these results may
not be justified. Further studies investigating all altitude,
latitude, and local times covered by Injun 5 and considering
possible subcategories of various ppenomena are planned and

will be presented at the earliest possible time.
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FIGURE CAPTIONS

Top view of the Injun V satellite showing the

orientation of the electric dipole and magnetic

loop antenna.
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